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Two Novel Proteins of Cyanophage Syn5 Compose Its Unusual Horn
Structure
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The marine cyanophage Syn5 can be propagated to a high titer in the laboratory on marine photosynthetic Synechococcus sp.
strain WH8109. The purified particles carry a novel slender horn structure projecting from the vertex opposite the tail vertex.
The genome of Syn5 includes a number of genes coding for novel proteins. Using immune-electron microscopy with gold-la-
beled antibodies, we show that two of these novel proteins, products of genes 53 and 54, are part of the horn structure. A third
novel protein, the product of gene 58, is assembled onto the icosahedral capsid lattice. Characterization of radioactively labeled
precursor procapsids by sucrose gradient centrifugation shows that there appear to be three classes of particles—procapsids,
scaffold-deficient procapsids, and expanded capsids. These lack fully assembled horn appendages. The horn presumably assem-
bles onto the virion just before or after DNA packaging. Antibodies raised to the recombinant novel Syn5 proteins did not inter-
fere with phage infectivity, suggesting that the functions of these proteins are not directly involved in phage attachment or infec-

tion of the host WH8109. The horn structure may represent some adaption to the marine environment, whose function will

require additional investigation.

arine photosynthetic cyanobacteria are at the base of the

food chain in the world’s oceans and contribute to the global
carbon cycle. Bacteriophages infecting these cells are ubiquitous in
the marine environment, playing a role in nutrient recycling, host
population dynamics and diversity, and probably gene transfer.
Some cyanophages carry host photosynthetic genes that are ex-
pressed during phage infection (1, 2). Many marine bacterio-
phages exhibit capsid appendages not seen in enteric phages, such
as the horn of Syn5 (3, 4).

Syn5 is a double-stranded DNA (dsDNA), short-tailed marine
bacteriophage isolated from the Sargasso Sea (5). Its laboratory
host is the cyanobacterial Synechococcus sp. strain WH8109 (5, 6).
Syn5 has a 46,214-bp genome, including an RNA polymerase gene
(7). The genome shares high synteny with T7 and with several
cyanophages, especially Synechococcus bacteriophage P60 and
Prochlorococcus phage P-SSP7. Mass spectrometry (MS) of the gel-
excised structural protein bands of Syn5 initially identified 13 pro-
teins closely resembling proteins found in other dsDNA phages,
including the coat and portal proteins, three internal core pro-
teins, and the tail apparatus components (7). However, at least
four Syn5 proteins—gp53, gp54, gp55, and gp57—were novel in
that their sequences did not match other sequences in the NCBI
database at the time of sequencing (BLASTp; E value of <0.001).
The C-terminal domain of a fifth novel protein, gp58, is a good
match to the C-terminal domain of a structural protein in the
newly sequenced genome of the Synechococcus siphovirus S-CBS2.

Electron microscopy (EM) of Syn5 shows an icosahedral vi-
rion, with a head diameter of 60 nm and a short tail (7), which
assembles through a procapsid intermediate lacking condensed
DNA (8). The procapsid and a class of expanded capsids have been
recently directly visualized within infected cells by cryo-electron
tomography (cryo-ET) (9).

Cyanobacteria and cyanophage are presumed to have evolved
prior to the emergence of terrestrial organisms (10). The Syn5
feature of assembling the capsid by first forming a procapsid
empty of DNA and subsequently filling it with genomic DNA
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suggests that this assembly pathway evolved in the marine envi-
ronment, perhaps in cyanophage, and gave rise to the assembly
pathway for enteric dsSDNA phages and viruses.

The isolated mature Syn5 capsid exhibits knob-like outer cap-
sid structures, which lie across each hexamer. Cryo-electron mi-
croscopy (cryo-EM) reveals a novel long, slender horn-like struc-
ture positioned on the vertex opposite the tail (Fig. 1A). The horn
is 30 to 35 nm in length, 10 nm wide at its base, and 2 to 3 nm wide
at its tip, and only one is observed per particle. It is flexible and is
often observed to be bent at the base (Fig. 1A). Prior to the
cryo-EM of Syn5, only two other bacteriophages were reported
with appendages attached opposite the tail (11). Recently, a fourth
example, the Myoviridae cyanophage Bellamy, was also found to
have a tail-like appendage opposite the tail (Welkin Pope and
Roger Hendrix, personal communication).

The purpose of the experiments described here was to address
the roles of the novel Syn5 proteins. Two of these, gp53 (48 kDa)
and gp54 (65 kDa), are larger than the other three and are the
primary candidates for the horn structure. The smaller proteins
(gp55, gp57, and gp58) are good candidates for the outer capsid
knob proteins. The genes for three of these, gp53, gp54, and gp58,
were cloned, the proteins were overexpressed and purified, and
polyclonal antibodies were raised against them (8, 12). These an-
tibodies were used in immunogold labeling to analyze which vi-
rion structural components are composed of the novel proteins.
The antibodies were also used in neutralization assays to test their
effects, if any, on phage infectivity. Radiolabeled amino acids were
used to follow de novo synthesis of Syn5 proteins during infection
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FIG 1 Images of phage Syn5. (A) Cryo-EM image of Syn5. The horn and tail are labeled on one phage (Preeti Gipson, Baylor School of Medicine). (B) Schematic
drawing of Syn5 with major structures labeled and each vertex assigned a number to facilitate the discussion of the gold bead labeling data. (Reprinted from

reference 8.)

to determine the assembly stages at which the novel proteins are
added.

MATERIALS AND METHODS

Immunogoldlabeling of Syn5 with anti-Syn5, anti-gp53, anti-gp54, and
anti-gp58 antibodies. The genes of three of the Syn5 novel proteins—
gp53, gp54, and gp58 —were cloned, and the proteins were overexpressed
and purified. These proteins were injected in rabbits (12), and the result-
ing antibodies were used as primary antibodies. The anti-Syn5 antibodies
were prepared earlier (7). The secondary antibodies were gold-labeled
goat anti-rabbit IgG(H+L) F(ab')2 (AH, conjugate absorbed against hu-
man serum proteins) (10-nm gold; Ted Pella).

Ni grids (Formvar/carbon-coated, 200 mesh; Ted Pella) were washed
in acetone. Six microliters of Syn5 suspension (2 X 10'' to 3 X 10
PFU/ml in phage buffer consisting of 50 mM Tris, pH 7.5, 100 mM NaCl,
100 mM MgCl,) was applied per grid and allowed to bind for 10 to 15 min.
All subsequent steps were performed with grids floating on the surfaces of
convex drops (98 pl) of each successive solution placed in the wells of
96-well plate sealers. The sealers were then enclosed in a plastic box,
placed over a sheet of wet blotting paper to minimize evaporation, and
gently shaken on a Labnet Model 20 shaker (speed 200). Antibodies were
diluted in wash buffer—0.3% cold fish gelatin (Ted Pella) in phage buffer.
Blocking was with 3% cold fish gelatin in phage buffer for 30 min at room
temperature. The grids were then edge blotted briefly on filter paper and
incubated on a drop of wash buffer containing the primary antibody se-
rum. Optimal antibody dilutions (determined empirically) were as fol-
lows: anti-gp53, 1:2; anti-gp54, 1:2; anti-gp58, 1:2; and anti-Syn5, 1:100.
As a negative control, grids with Syn5 particles were incubated with the
preimmunization serum of each antibody at a dilution of 1:2. Incubation
with primary antibodies was for 30 min at 37°C. For the wash step, the
grids were edge blotted briefly on filter paper and floated three times for 10
min (each) on drops of wash buffer, with no blotting between the wash
steps but with blotting before incubation with the secondary antibodies.
The secondary antibodies were used at 1:100 dilutions and under the same
incubation conditions as used with the primary antibodies. The wash step
was repeated in buffer, followed by a final wash step in MilliQ water for 15
min prior to staining with uranyl acetate.

Sucrose gradients of the recombinant proteins gp53 and gp54. The
purified recombinant proteins (100 pl of 0.3 to 0.4 mg/ml stocks) were
loaded in 5-ml, 5 to 20% continuous sucrose gradients prepared in pro-
tein storage buffer (25 mM Tris, pH 7.5, 100 mM NaCl, and 2 mM EDTA)
and spun at 218,500 X g for 6 h at 4°C in a SW55 Ti Beckman rotor. The
gradients were collected as 20 fractions using a gradient fractionator (Bio-
Comp Instruments). Aliquots of each fraction were mixed with SDS load-
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ing dye, loaded on a 12% SDS-PAGE gel, electrophoresed for 2 h at 13
V/cm, stained with Krypton (Pierce), and scanned on a Typhoon 9400.
Gradient fractions of interest were collected and dialyzed to reduce the
amount of sucrose. The samples were concentrated in a Vivaspin 10,000-
molecular-weight-cutoff (MWCO)filter (Sartorius Stedim) for gp53 and
in an Amicon 30,000-MWCO filter (Millipore) for gp54. To determine
the S values of gp53 and gp54, catalase, RubisCo (ribulose 1,5-bisphos-
phate carboxylase/oxygenase), and P22 tail spike were centrifuged in gra-
dients under the same conditions as gp53 and gp54 and used to calibrate
sedimentation values. The gp54 peak in the sucrose gradient was within
the standards range while the gp53 value was extrapolated from the stan-
dard curve.

Syn5 inactivation with anti-Syn5, anti-gp53, and anti-gp54 sera. For
this experiment, a fresh stock of Syn5 with the infectivity of 10'' PFU/ml
was diluted in fresh buffer, titers were determined, and the dilution with a
titer of 10° PFU/ml was used for the experiment. Based on the experimen-
tal procedure, the majority of the particles were infectious.

Growing host cells for plating (3 X 10°® to 4 X 10° cells/ml) were
diluted 2-fold into fresh artificial seawater (ASW) medium the day before
the experiment and incubated overnight (8). Four serum dilutions (1:200,
1:2,000, 1:20,000, and 1:200,000) were prepared for each antibody—anti-
Syn5, anti-gp53, and anti-gp54. CsCl-purified Syn5 phage (0.1 ml of 3 X
10° PFU/ml in phage buffer) was added to 0.9 ml of each serum dilution
and incubated for 1 h at 37°C in a water bath. To stop each reaction, 0.1 ml
of the phage-serum mixture was added to 9.9 ml of room temperature
phage buffer. From the diluted mixture, additional serial dilutions were
prepared, if needed, for plating. Different volumes of each dilution were
mixed with 1 ml of host cells and held for 1 to 2 min to allow phage
adsorption to the cells. About 3.5 ml of melted agar at 32°C (1% low-
melting-point [LMP] agarose in ASW) was added to each host-phage
dilution, and the contents of the entire tube were poured into a petri plate
(51 mm). The plates were incubated in a Percival light incubator with
continuous irradiation of about 40 wmol of photons per m~*s™ ' at 28°C,
and PFU were counted after incubation overnight.

To test for the efficiency of immunoprecipitation with anti-gp53 and
anti-gp54 antibodies, Syn5 particles (50 pl; 10*! PFU/ml) were incubated
separately with antibodies (2.5 .l of anti-Syn5 and 2.5 pl of a mixture of
anti-gp53 and anti-gp54) overnight at 4°C. Samples were centrifuged at
12,000 X g for 5 min; the supernatant was separated from the pellet and
electrophoresed on an SDS-PAGE gel. The gel was stained with Krypton
(Pierce).

Radioactive labeling of phage proteins during Syn5 infection. Grow-
ing host cells at 2 X 10® to 5 X 10® cells/ml were diluted about 2-fold into
fresh ASW at 24 to 48 h prior to the experiment and incubated overnight.
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The culture (1 liter) was infected with Syn5 at a multiplicity of infection
(MOI) of 3 to 5. At 25 min after infection, a mixture of 10 wCi/ml
[?°S]Met-Cys and 100 wCi/ml '*C-labeled amino acids (Perkin-Elmer/
NEN) was added. Labeling was allowed to proceed for 10 min, and the
culture was chased at 35 min with an amino acid mixture (40 ml per
600-ml culture of (RPMI 1640 Amino Acid mix [Sigma] supplemented
with 20 mM -Met, 20 mM L-Cys, and 47 mM 1-Ala). When Casamino
Acids were used instead of the amino acid mix, the Syn5 scaffolding pro-
tein (gp38) was not detected in either the labeled sample or the unlabeled
control. The experiments were conducted at 28°C in a shaking (ca. 200
rpm) water bath under the illumination of a cool-white fluorescent lamp
with irradiation of 30 to 40 wmol of photons per m ™2 s~ ' at the water
surface. Under these conditions the eclipse period was about 55 min, and
the latent period was about 85 min. The cells were harvested at 70 min
since this time point was determined empirically to give the best procapsid
yield. After collection, the cells were held on ice for 10 min, centrifuged at
9,000 X gfor 10 min at 4°C, resuspended in 100 mM NaCl and 50 mM Tris
(pH 7.5) supplemented with Roche protease inhibitor (Mini Tablets,
EDTA-free; one tablet per 7 ml of buffer), concentrated 1,000-fold, and
stored at —20°C.

The pellets were thawed on ice and then lysed in the presence of 2
mg/mllysozyme for 30 min at room temperature. DNase I (Worthington)
was added at a final concentration of 1 g/pl, and the samples were mixed
for 30 min at room temperature. The supernatants were separated from
the debris by spinning at 10,000 X g for 10 min at 4°C.

Sucrose gradients (continuous 5 to 20%, with a bottom shelf of 200 .l
of 60% sucrose) were prepared, run at 167,300 X g (SW55 rotor; Beck-
man) for 45 min, and collected under the same conditions described
above for the sucrose gradients of the recombinant proteins. Aliquots for
SDS-PAGE (30 pl) were mixed with 1/2 volume of sample buffer (188
mM Tris [pH 6.8], 2% SDS, 15% (-mercaptoethanol, and bromophenol
blue) and heated at 95°C for 5 to 10 min. The discontinuous buffer system
of King and Laemmli was used with a Bio-Rad Criterion Gel Cassette
system. The gels were electrophoresed for 2 h at about 13 V/cm. Radioac-
tive gels were exposed to a phosphor plate, and a Typhoon 9400 imager
was used to scan the plate. Bands were quantified by a GelAnalyzer in
conjunction with Image] software (13).

To better quantify the proteins in the peaks of the intermediate assem-
bly particles, an additional sucrose gradient was performed using a sample
from the same pulse-chase experiment (5 to 45% sucrose; centrifugation
at 167,300 X gin an SW41 rotor [Beckman] for 45 min). Fractions in the
region of interest (fractions 5 to 15) were applied to a 12-well gel so that
larger samples (40 pl) could be loaded and analyzed.

Electron microscopy. All grids were stained by flotation on a drop of
1% uranyl acetate for 30 to 60 s, edge blotted with filter paper, and air
dried for about 30 min. The grids were observed under a JEOL 1200
transmission electron microscope (TEM) at 60 kV. Images were recorded
with an Advanced Microscopy Techniques (AMT) XR41S side-mounted
charge-coupled-device (CCD) camera and saved as TIFF files.

RESULTS

Location of the novel proteins in phage particles. To investigate
which novel proteins might contribute to specific Syn5 structures,
primary antibodies raised against intact infectious particles and
against each of the novel proteins—gp53 (~48 kDa), gp54 (~65
kDa), and gp58 (16.6 kDa)—were used in immunogold labeling
experiments. Purified virions were incubated with the primary
rabbit antibodies and then with goat anti-rabbit secondary anti-
bodies, and the resulting complexes were visualized by negative
staining in an electron microscope. To assess the distribution of
gold beads associated with the virions, the following criteria were
applied. Grid areas with low background labeling were chosen
(fewer than five beads on the grid surface in an image at a magni-
fication of X120,000), and only full phage particles lying entirely
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FIG 2 Labeling of Syn5 with anti-Syn5 antibodies. Magnification, X120,000.

within the field of the micrograph were considered. Only gold
labels located 20 to 25 nm or less from the phage surface were
included as this distance is estimated to be the maximum that a
bead would be positioned considering the combined lengths of
complexes of primary and secondary antibodies.

Cryo-electron microscopy (Fig. 1A) has shown that the Syn5
horn is always positioned at the vertex opposite the tail (7). Thus,
only particles where the tail vertex could be identified were in-
cluded in the data collection in order to reduce ambiguity about
the positions of the gold beads. In summarizing the data, the
phage particle vertices were designated as shown in Fig. 1B, and
the beads labeling the particles were assigned positions accord-
ingly.

To assess the percentage of nonspecific labeling, preimmuni-
zation rabbit serum for each primary antibody was used as a pri-
mary antibody in labeling Syn5 virions (negative control). Non-
specific labeling was estimated to be about 3.5%.

As a positive control, we used anti-Syn5 antibodies raised in
rabbits against whole virion particles (Fig. 2). Most of the particles
were associated with numerous gold beads distributed randomly
over the entire particle surface. Most of them likely represent an-
tibody binding to the coat, the major structural protein of the
virions.

The first possible horn protein to be examined was gp53 (48
kDa). Labeled particles are shown in Fig. 3, and the collected data
are summarized in Table 1. By cryo-EM (Fig. 1A) the Syn5 horn
(about 30 to 35 nm long) points perpendicularly away from the
phage or, more often, is tilted at the base and points toward
the sides of the phage particle (Fig. 1B, vertices 3). In addition to
the horn flexibility, the primary and secondary antibody complexes
can have lengths of 20 to 25 nm, so the gold bead can be positioned
up to 25 nm away from the target. Thus, if gp53 is a horn protein,
the gold labels should be located at and around vertices 2 and 3. As
seen in Table 1, about 90% of the labels are at vertices 2 and 3
(~12% and 38%) and between the two (~38%). About 7% of the
labels are between vertices 3 and 4. About 4% are at other posi-
tions, in close agreement with the 3.5% estimate for nonspecific
labeling. In numerous particles, clusters of gold beads were ob-
served between vertices 2 and 3 (Fig. 3), where the horn is appar-
ently attached. Taken together, the data suggest that gp53 forms
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FIG 3 Labeling of Syn5 with anti-gp53 antibodies. The image shows a character-
istic labeling pattern with anti-gp53 antibodies (magnification, X120,000). The
inset contains selected labeled single particles from other images. Black arrows
indicate the tails.

the shaft of the horn or at least is present along the length of the
horn.

The second possible horn protein, gp54 (65 kDa), was investi-
gated by labeling phage particles with anti-gp54 primary antibod-
ies. The labeling pattern was different from that of gp53. The gold
beads were most often (84%) observed at and around vertex 3
(Fig. 4 and Table 1), with ~44% at vertex 3, ~33% between ver-
tices 3 and 4, and 7% between vertices 2 and 3. About 11% of gold
beads were at vertex 2. The labeling at other positions was approx-
imately 5%, similar to the results for false-positive labels. Clusters
of gold beads in the area of the presumed horn position were rarely
observed, and even in those cases there were usually no more than
two beads present.

The labeling distribution for gp54 suggests that this is also a
horn protein, but it builds a different component of the horn than
gp53. While gp53 labels are at and around vertices 2 and 3, the
labels of gp54 are at and around vertex 3, more distant from the
horn base at vertex 2. The high proportion of labels at and around
vertex 3 suggests that gp54 may be a structural component of the
tip of the horn. There are estimated to be only six copies of gp54
per virion, which may explain the lack of large bead clusters with
anti-gp54 antibodies. Another reason might be that gp54 builds a
smaller part of the horn.

The data for the third Syn5 novel protein, gp58 (16 kDa) (Fig.
5) (153 beads associated with 104 virions) produced a very differ-
ent pattern from the patterns for gp53 and gp54. About half of the
beads (~50%) were distributed between pentamer vertices (con-
sistent with the positions of the hexamers). The majority of the
other 50% were at vertices 3 (~15%) and 4 (~27%), with very few

Ve bok e ik S N

FIG 4 Labeling of Syn5 with anti-gp54 antibodies. The image shows a character-
istic labeling pattern with anti-gp54 antibodies (magnification, X120,000). The
inset contains selected labeled single particles from other images. Black arrows
indicate the tails.

labels on vertices 1 (the tail vertex, ~3%) and 2 (the horn vertex,
~5%). If gp58 is a hexamer knob protein, then the labels should
be found between pentamer vertices (1 and 4, 3 and 4, and 2 and
3), which is consistent with the data. Labels at vertices 3 and 4 are
probably due to the extended length of the primary and secondary
antibody complexes. Few labels are observed at the portal and
horn vertices, probably due to spatial interference of the horn and
the tail. Since anti-gp58 antibodies do not recognize the coat pro-
tein (12), it is reasonable to conclude that the virion components
labeled by the anti-gp58 antibodies are the hexamer knobs and
that gp58 is an outer capsid protein.

The recombinant horn proteins exhibit complex polymer-
ized structures. Once gp53 and gp54 were designated putative
horn proteins, the question of how they contribute to the assembly
of the horn appendage could be addressed. Estimates of the abun-
dance of the two proteins upon SDS-PAGE fractionation of Syn5
particles indicated that there are about 12 copies of gp53 and 6
copies of gp54 per virion. In sucrose gradients, the sedimentation
coefficients of the recombinant proteins were estimated to be 43S
for gp53 and 6S for gp54. Gradient fractions of the peaks for each
protein were assessed by electron microscopy (Fig. 6). The images
revealed very long, fibrous structures in the gp53 samples. In the
case of gp54, numerous short rod-shaped structures were ob-
served. Both protein samples were filtered prior to sedimentation,
but there is a possibility that the complex formations observed are
the result of aggregates.

Will Syn5 virions infect the host after treatment with anti-
horn antibodies? It is well known that serum raised against intact
virions can block phage infectivity (14, 15). A plausible hypothesis

TABLE 1 Summary data with the positions of anti-gp53 and anti-gp54 gold labels on the Syn5 surface

Label frequency (% [no. of labels])”

No. of counted Total no. of On On Between Between
Antibody particles total gold labels vertex 2 vertex 3 vertices 2 and 3 vertices 3 and 4 Other
Anti-gp53 126 146 ~12(18) ~38 (56) ~38 (56) ~7(10) ~4(6)
Anti-gp54 126 152 ~11 (16) ~44 (67) ~7(11) ~33(50) ~5(8)

¢ Percentages are determined relative to the total number of gold labels for the respective antibody.
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FIG 5 Labeling of Syn5 with anti-gp58 antibodies. The image shows a typical
labeling pattern with anti-gp58 antibodies (magnification, X120,000). The
inset contains selected labeled single particles from other images. Black arrows
indicate the tails.

for the function of the Syn5 horn is that it is used by the phage to
infect the host. This is the case for the head appendages of the
Caulobacter phages Cb13 and CbK (16).

Since our data suggest that gp53 (48 kDa) and gp54 (65 kDa)
are horn proteins, we tested whether the antibodies used for their
identification could reduce or block the infectivity of Syn5. Syn5
infectious particles were mixed with either anti-gp53 or anti-gp54
antibodies at a range of dilutions and incubated for 1 h at 37°C,
and plaque assays were performed. As a positive control, anti-
Syn5 serum raised against whole viral particles was also tested. The
anti-Syn5 serum contains antibodies against all of the external
proteins of Syn5, and some bind strongly to the putative tail fiber
protein of Syn5 (gp46) (8).

As seen in Fig. 7, the anti-Syn5 antibodies inactivated the Syn5
infectious particles completely at serum dilutions of 1:2,000 and
1:200, partially at a dilution of 1:20,000, but not at 1:200,000. On
the other hand, when infectious virions were treated with anti-
gp53 or anti-gp54 antibodies, the phage titers remained un-
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FIG 7 Effect of anti-Syn5, anti-gp53, and anti-gp54 antibodies on Syn5 infec-
tivity.

changed at all dilutions tested. This lack of effect on Syn5 infectiv-
ity suggests that the horn structure of Syn5 may not be needed for
infection of the laboratory host Synechococcus sp. WH8109.

The anti-gp53 and anti-gp54 antibodies were raised against the
recombinant proteins while the anti-Syn5 antibodies were raised
against the whole virion. Immunoprecipitation of infectious par-
ticles was performed with anti-Syn5 antibodies and a mixture of
anti-gp53 and anti-gp54 (dilution factors were the same for anti-
Syn5 and the mix) (data not shown). The precipitated particles
were separated from the unprecipitated ones by centrifugation.
The results indicate that the mixture of antibodies raised against
the recombinant proteins and the anti-Syn5 antibodies precipi-
tated Syn5 particles with almost equal efficiency.

Protein composition of precursor particles during virion as-
sembly. As reported earlier, Syn5 assembles through a procapsid
intermediate, and two classes of procapsids, 240S and 340S, were

FIG 6 Electron micrographs of recombinant gp53 and gp54. The images show sucrose gradient fractions of gp53 and gp54. Samples were negatively stained with
1% uranyl acetate and observed at a magnification of X150,000. Black arrows indicate the protein structures.
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FIG 8 Radiolabeling of Syn5 proteins during infection. (A) SDS-PAGE gel of fractionated sucrose gradients of supernatants of lysed cells labeled with a mixture
of '*C-labeled amino acids during Syn5 infection (25 to 35 min postinfection). The cells were concentrated 1,000-fold before lysis. The gel was exposed for
imaging for 22 days. Lys, whole-cell lysate; int, internal protein; scaff, scaffolding protein. (B) SDS-PAGE of purified infectious Syn5 virions (Krypton stained)

included here for comparison of the protein profile to the radiolabeled proteins.

identified by their sedimentation coefficients and the presence of
coat and scaffolding proteins (8). Recently, using high-resolution
cryo-electron tomography (9), we were able to directly image two
distinct classes of shells lacking DNA within the infected Synechoc-
occus cytoplasm: procapsids and expanded capsids lacking scaf-
folding.

To identify minor structural proteins, including the novel pro-
teins, present in Syn5 procapsids, a pulse-chase experiment was
performed using radiolabeled amino acids. Proteins newly syn-
thesized during Syn5 infection of the WH8109 host were prepared
from cells labeled for 10 min with a mixture of [**S]Met-Cys and
14C-labeled amino acids and fractionated by sucrose gradient, fol-
lowed by SDS-PAGE. In Fig. 8A, the first lane, representing the
total lysate, shows a protein pattern which is a good match to the
structural protein profile of infectious Syn5 particles (Fig. 8B).

There was no evidence of protein bands present in the stained
gels that were absent from the radiolabeled samples. This argues
against the incorporation of preformed host proteins into phage
particles. From serial dilutions of gel samples, we estimate that we
could have identified a host protein band representing 1 to 2 mol-
ecules of a protein of 40,000 Da.

The Syn5 coat is clearly visible throughout the gradient shown
in Fig. 8 as the major structural protein, with ~400 copies per
particle. As expected, the scaffolding is also present in the labeled
lysate but not in the mature virions at the bottom (fraction 24).
The top of the gradient (fraction 2) contains all of the free pro-
teins, the middle (fractions 8 to 13) contains procapsids, and the
bottom (fraction 24) contains phage particles that have packaged
the DNA. The particles that sediment in fractions 10 to 13 contain
scaffolding protein—the faint band just above the coat pro-
tein—as well as the two major internal proteins, the portal pro-
tein, and possibly a small internal protein (gp44). This supports
the identification of the particles in fractions 10 to 13 as procapsids
(8). Note that the portal protein, which was not confirmed in the
study of Raytcheva et al. (8) is clearly present in the radiolabeled
procapsids (Fig. 8 and 9).

The particles in fractions 6 to 9 contain the two major internal
proteins, gp45 (152 kDa) and gp44 (90 kDa), the portal gp37
protein (60 kDa), one or more of the three small proteins gp55,
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gp57,and gp58 (~16 kDa), and possibly the small internal protein
gp43 (23 kDa). These particles are presumably the expanded pro-
capsids which have lost their scaffolding. There is a faint band of
scaffolding protein, but it is not present as a well-defined peak. Its
presence seems to be more the result of insufficient resolution of
the expanded capsid peaks from the soluble scaffolding protein in
the top fractions.

50% 20%

T 15%
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30% T
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Expanded capsids
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R
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FIG 9 Quantification of a sucrose gradient showing the distribution of Syn5

precursor species. The percent totals of the individual species in fractions 5 to

15 were calculated and plotted against the fractions. Proteins are identified as

indicated on their respective axes.
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To further resolve and quantify the species of interest, a pulse-
chase experiment was performed as described above, and the
samples were loaded on a 5 to 45% sucrose gradient in a longer
tube. Fractions 5 to 15 were applied to a 12-well SDS-PAGE gel,
and the resulting gel was exposed for 12 days. The bands were
quantified, and the percent totals of coat, portal, and scaffold-
ing proteins and internal protein gp44 (90 kDa) and putative
horn gp53 (48 kDa) in all fractions were plotted against the
fraction number (Fig. 9).

The distributions of the scaffolding and portal proteins indi-
cate that the faster-sedimenting (fractions 10 to 13) particles are
the procapsids. The trailing (fractions 6 to 8) particles contain the
portal but lack the scaffolding protein. The gp44 internal protein,
essential for any productive precursors, is present in two major
peaks (fractions 6 to 8 and 10 to 13). The increased mass and
decreased diameter of procapsids account for their higher sedi-
mentation than expanded procapsids.

The distribution of labeled proteins shown in Fig. 8 and 9 is
consistent with the presence of a third class of precursor particles
lacking condensed DNA: procapsids in fractions 10 to 13, ex-
panded procapsids in fractions 6 to 8, and a class sedimenting
between the two.

A protein band corresponding to the mass of the gp53 horn
protein is present in the middle of the gradient, and its distribu-
tion shows two peaks; the slower peak (fractions 6 to 8) coincides
with the expanded capsids and may represent gp53 assembled
onto them. However, since purified gp53 shows a broad sedimen-
tation profile, its association with the expanded capsids remains to
be confirmed. The leading edge (fractions 9 to 11) of the gp53
species does not overlap the peak of the scaffolding distribution
(fractions 10 to 13). This suggests that gp53 is not present on the
procapsids, supporting the same conclusion reached from
cryo-ET experiments (9).

The procapsid region of the gradient lacked defined peaks of
the horn protein gp53 (48 kDa) or gp54 (65 kDa) although a faint
band corresponding to the mass of gp53 is detectable in these
fractions. It should be noted that, when centrifuged through a
sucrose gradient (under similar conditions as the lysates), recom-
binant gp53 sedimented throughout the gradient, presumably due
to its fiber-like nature. It is possible that the same is true for native
gp53. The protein band (~16 kDa) containing one or more of the
three Syn5 outer capsid proteins, gp55, gp57, and gp58, cosedi-
ments with the coat protein in fractions 8 to 10 (Fig. 8). This
suggests that the intermediate particles are closer to mature viri-
ons than to procapsids.

DISCUSSION

Composition of the horn and knob-like capsid protrusions. The
horn of Syn5 is a distinct morphological feature of this cya-
nophage. The results from immunogold labeling strongly suggest
that gp53 (48 kDa) and gp54 (65 kDa) are components of the horn
structure and that they have distinct distributions. Anti-gp53 an-
tibody labeling resulted in gold beads clustered primarily at or
near the apparent attachment site of the horn, as seen in cryo-EM
images (around the horn vertex 2 and the neighboring vertex 3).
For gp54, the labels were more distant from the horn base (vertex
2) and were most pronounced around the neighboring vertex 3.
This is consistent with the location of the tip of the horn if the horn
were bent at its base and leaning to the side vertices, an arrange-
ment which is often observed. Since cryo-EM images of Syn5 have
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not revealed any additional structures around vertex 4 and since
there are very few gp54 labels at other vertices, the most likely
explanation is that gp54 is a component of the horn tip. However,
since the frequencies of gold label at the horn base are approxi-
mately equal for the two proteins, gp54 may contribute to other
parts of the horn besides the tip, or the labels at the base may
represent distant labels due to the extended length of the antibod-
ies. There is also a possibility that the horn may be a double-
layered structure with gp53 on the outside and gp54 on the inside
and extending through the tip.

The analyses of gp53 and gp54 in sucrose gradients and by
electron microscopy indicate that the proteins expressed from
cloned genes are not in monomeric form. The molecular mass of
recombinant gp53 is ~50 kDa, and that of recombinant gp54 is
~67 kDa, indicating that both are too small to be visualized by
EM unless the monomers build more complex structures.
Their sedimentation coefficients and the presence of visible
structures under EM suggest that gp53 and gp54 may form
multimers or complexes in vivo needed to build and shape the
long horn appendage of Syn5. However, we do not know if the
conformation of gp53 and gp54 within the horn structure is
extended, as in coiled coils, or globular. The Pap pilus of Esch-
erichia coli is an elongated organelle of known structure and,
therefore, protein density (17). Using that structure as a model
and assuming 6-fold rotational symmetry for the horn (Preeti
Gipson and Wah Chiu, personal communication), we estimate
that the Syn5 horn could be assembled from 12 to 18 copies of
gp53 and 6 copies of gp54, consistent with the stoichiometry de-
termined from SDS gel electrophoresis.

One hypothesis for the function of the Syn5 horn is that it is
involved in host recognition. This is the case for the Caulobacter
phages Cb13 and CbK, which have a long head appendage on the
vertex opposite the tail and which wrap it tightly around the host
flagellum (16). Other phages that use their tails to bind to the host
flagella or pili have also been described (18-21). However, at-
tempts to lower or block phage infectivity using antibodies against
the horn proteins (anti-gp53 and anti-gp54) were unsuccessful
(Fig. 7). One possible explanation is that the horn is not involved
in host recognition or attachment in the infection process but,
instead, has a different function. Alternatively, it may be involved
in host attachment but to a host other than Synechococcus sp.
WHS8109. This cyanobacterial species is the only known lytic host
identified to date for Syn5; at least 19 other cyanobacterial species
have failed to exhibit lysis triggered by Syn5 (5, 6). Synechococcus
sp. WHS8109 is nonmotile, and, in general, motile Synechococcus
cyanobacteria do not possess flagella or pili (22). Novel putative
swimming structures for Synechococcus have been described in
strain WH8113 (23).

It is also possible that the horn is used for attachment, not to
the bacterial host but to other particulates in the water, which
might keep the phage in nutrient-rich waters and hence closer to
its host(s). Finally, it remains possible that the horn does assist
Syn5 in the attachment steps, but since the antibodies utilized in
the phage-inactivating experiment were raised against recombi-
nant proteins and not against the horn appendages in their native
forms, they may not be efficient in binding to the horn epitopes of
the mature phage responsible for attaching to the bacterial host
even though they were successfully used for labeling the horn.
However, a mixture of the anti-gp53 and anti-gp54 antibodies was
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almost as efficient as anti-Syn5 antibodies in precipitating infec-
tious Syn5 particles (data not shown).

Each Syn5 capsid hexamer carries three knob-like protrusions,
presumably outer capsid proteins. In the 18-A resolution struc-
ture in Pope et al. (7), there was no indication of distinct decora-
tion proteins. From structures resolved to 5 A, the protrusions
turned out to be separate molecules from the major capsid subunit
(Gipson and Chiu, personal communication). The pattern of the
gold labeling with anti-gp58 antibodies indicates that gp58 is an
outer capsid protein. There are three knobs per hexamer, but the
resolution of the data does not clarify whether all three knobs are
made of gp58. Since Syn5 has two additional structural proteins
(gp55 and gp57) of unknown function and about the same mass as
gp58, they, too, may contribute to building the outer capsid pro-
teins. The number of molecules of the three combined proteins
estimated to be present per virion (from SDS-PAGE) is consistent
with the number of hexamer molecules present per virion.

Protein composition of procapsids and capsids. The more
slowly sedimenting class of particles resolved in the sucrose gradi-
ents are presumably expanded capsids, containing coat and portal
proteins, two major internal proteins, and possibly the small in-
ternal protein, as well as the three small putative outer capsid
proteins. They presumably represent the expanded capsids de-
scribed by Dai et al. (9). Particles lacking DNA and scaffolding
could be kinetic intermediates in DNA packaging and capsid mat-
uration, or they could be particles that initiated DNA packaging
inside the cells but lost the DNA after host lysis (24). Such struc-
tures have been described in phage P22 (24-26) as well as other
phages (27-30). The second class, procapsid particles, contains all
the proteins of the expanded capsids with the addition of the scaf-
folding protein. The putative additional class lacks scaffolding and
may represent an intermediate stage in capsid expansion.

The intensity of the scaffolding protein in radiolabeled samples
was lower than would be expected for a protein expected to be
present at more than 100 molecules/per capsid. In the original
report of scaffolding proteins in P22 morphogenesis, the intensity
of scaffolding bands was anomalously low (31). This was shown to
be due to the recycling of the scaffolding during P22 procapsid
assembly. The Syn5 results could be either recycling or degrada-
tion. Degradation of the scaffolding in Syn5 has been observed
and described in Raytcheva et al. (8).

The ~16-kDa protein gel band cosediments with the expanded
capsids but not with the procapsids. One of the proteins present in
Syn5 mature virions in this band (gp58) was identified as an outer
capsid protein. If gp58 is indeed present on the expanded capsids,
then its role may be to stabilize the capsid shell once the scaffold-
ing leaves. The decoration proteins of phage lambda have such a
function (32).

The gold-labeling experiments localized gp53 (48 kDa) to the
horn shaft. While gp53 is in low abundance in the radiolabeled
particles, it appears to be associated with both the trailing edge of
the procapsids and with the expanded capsids. Since gp53 forms a
portion of the horn shaft but does not track with the scaffolding, it
is most likely not present on procapsids. The assembly of the horn
may begin after scaffolding release. It should be noted that recom-
binant gp53 sediments throughout the sucrose gradient when it is
run under similar conditions. It is possible that the gp53 proteins
associated with the peaks of the precursor particles are an artifact
of the free gp53 protein polymers. The cryo-ET of Dai et al. (9) did

2054 jviasm.org

not reveal a complete horn structure on the procapsid or the ex-
panded capsid.

The second horn protein gp54 (65 kDa) did not appear to be
associated with the precursor particles. The assembly of the Syn5
horn proteins on a single vertex of the mature virion opposite the
tail requires the selection of only one of the sets of 11 quasi-equiv-
alent 5-fold vertices. Phage tail structures attach to proteins inter-
acting with the unique portal vertex. It will be important to deter-
mine what distinguishes the vertex opposite the portal vertex in
Syn5 for horn assembly.

To date, all phages described which carry structures located on
the vertex opposite the tail infect aquatic prokaryotes. This raises
the possibility that such structures may not be an exception in
hosts inhabiting the dilute water environments. Encounters be-
tween phages and their hosts probably happen relatively rarely in
these ecosystems, and the phages may have evolved structures to
facilitate the process. It is also plausible that the phages use these
structures to attach to other organisms or to debris to reside closer
to nutrient- and host-rich areas.
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